Co-and Ag-containing catalysts on structured supports were investigated for use in DeNO x processes, in particular, in the process of combined reduction of N 2 O and NO with carbon monoxide and in selective catalytic reduction of NO with C 2 and C 4 alcohols. It was shown that doping of cobalt-cerium-zirconium oxide with 0.1 wt.% of Pd significantly lowers the temperature for achieving high conversions of N 2 O and NO (up to 200-300 °C) in a reaction mixture containing N 2 O, NO, CO and O 2 . The activity of Ag/Al 2 O 3 /cordierite catalysts in the selective reduction of nitrogen oxides by ethanol and butanol rises with increasing of Al 2 O 3 loading and depends on the optimal silver content added. Silver is associated with the regulation of redox and acid-base properties of the catalyst surface.
INTRODUCTION
One of the most important problems in reducing atmospheric pollution is lowering the levels of nitrous and nitric oxides in gaseous exhausts from vehicles and industrial plants (Skalska et al. 2010) . For neutralization of diluted exhaust gases (<1% N 2 O), reduction by CO or CH is useful. Carbon monoxide is attractive as a reducing agent because most of the anthropogenic exhaust gases already contain CO, and nitrogen oxides can be neutralized without the introduction of an additional reducing agent (i.e. reagentless method). The parameters for the catalytic reduction of N 2 O and NO by carbon monoxide are the subject of intensive investigation (Chang and Peng 2010; Chen et al. 2010) . Previous studies have been aimed toward the development of catalysts derived from transition metals or oxides with minimal content of platinum-group metals. Among the various supported zirconium oxide catalysts, 5%CoO/ZrO 2 has shown the highest activity in both direct decomposition and reduction of N 2 O; moreover, at 200-300 °C, carbon monoxide is a more efficient reductant of N 2 O than alkanes (Orlik et al. 2012) . By contrast, palladized cobalt-cerium oxide catalysts displayed high activity in three-component conversions (CO/NO/C n H m ) due to the formation of highly dispersed (10-30 nm) ordered nanostructures on the catalyst surface, which contain cobalt oxides, cerium oxides and metallic palladium (Kirienko et al. 2010; Li et al. 2012) .
In the case of selective catalytic reduction (SCR) of nitric oxide at high excess of oxygen, oxygenates are considered as the most promising reducing agents because they are more active than hydrocarbons and can be used as components of engine fuel (e.g. ethanol, butanol). Silver-alumina catalysts have the highest activity and selectivity towards N 2 in SCR of NO with organic reducing agents (Kameoka et al. 2000; Miyadera 1993) . However, the activity of structured Ag/Al 2 O 3 catalysts supported on ceramic block matrices in SCR is lower than bulk catalysts (He et al. 2010) , because formation of a layer of active phase with required physicochemical properties on a support is one of the most difficult problems in developing these catalysts. Therefore, there is a need to develop a method for coating of ceramic block matrices with alumina, which is characterized by own SCR activity, to obtain highly active structured Ag/Al 2 O 3 catalysts.
In this work, the results of structural-functional design of Co-and Ag-containing catalysts on block supports with honeycomb structure are presented and analyzed relative to catalytic performances in DeNO x processes, in particular, in the process of combined reduction of N 2 O and NO with carbon monoxide and in SCR of NO with C 2 and C 4 alcohols.
EXPERIMENTAL
Monolithic ceramic blocks of synthetic cordierite (2Al 2 O 3 ⋅2MgO⋅5SiO 2 ) with a honeycomb structure and zirconia (specification 6-09-2486-77) were used as a catalyst support. The following catalyst samples formed on cordierite and zirconia were prepared (Kirienko et al. 2010) : 2%Co 3 O 4 + 3.5%CeO 2 , 0.1%Pd/5%Co 3 O 4 , 0.1%Pd/2%Co 3 O 4 + 3.5%CeO 2 and 0.1%Pd/2%Co 3 O 4 + 2.7%CeO 2 + 0.8%ZrO 2 . The catalytic activity of the samples was characterized by the conversion of N 2 O and NO to nitrogen, which was determined chromatographically [thermal conductivity detector (TCD); Kristallyuks 4000M, Metachrom, Russia] in a continuous-flow system with a gradientless quartz reactor under atmospheric pressure in the temperature range of 150-400 °C. The following reaction mixtures were used (vol. %): N 2 O, 0.2; NO, 0.2; CO, 0.8; O 2 , 0.3 in helium. Gas hour space velocity (GHSV) was 6,000 h -1 .
The specific surface area of Co-containing samples was determined chromatographically using the values of the heat desorption of nitrogen (5 vol. % N 2 in He).
Structured silver-alumina catalysts were prepared by one-step deposition of Al 2 O 3 directly on the surface of cordierite block matrices with subsequent incipient wetness impregnation of Al 2 O 3 /cordierite in an aqueous solution of AgNO 3 (Kyriienko et al. 2013) . Samples of Ag/Al 2 O 3 /cordierite contained 0.3, 0.6, 1.0 and 1.5 wt.% of Ag and 45 wt.%. of alumina. The catalytic activity of the samples was characterized by conversion of NO to nitrogen, which was determined in a fixed-bed flow quartz reactor at atmospheric pressure in the temperature range of 200-500 °C. The following reaction mixtures were used (vol. %): NO, 0.05; C 2 H 5 OH, 0.1 or n-C 4 H 9 OH, 0.05; and O 2 , 10.0 in helium at GHSV of 30,000 h −1 . The concentration of NO was continuously monitored using a chemiluminescence gas analyzer (344HL04, Ukraine). The products were analyzed by a gas chromatograph (TCD) (Kristallyuks 4000M, Metachrom, Russia) with a CaA column (for NO, N 2 , CO) and a Polisorb-1 column (for N 2 O, CO 2 , ethanol and butanol).
The textural properties of Ag-containing samples were studied on Sorptomatic 1990 apparatus at -196 °C using nitrogen adsorption/desorption method. The specific surface area of samples was determined by the BET method. The mesopore-size distribution was obtained by the Barrett-Joyner-Halenda (BJH) method. X-ray diffraction (XRD) patterns of the powder samples were recorded using D8 Advance (Bruker AXS GmbH, Germany) diffractometer with monochromatized Cu-Kα radiation (nickel filter, λ = 0.15184 nm). Fourier transform infrared (FTIR) spectra with pyridine were recorded on Spectrum One FTIR spectrometer (Perkin Elmer, USA), accumulating 12 scans at a spectral resolution of 1 cm -1 . The cell was connected to a vacuum-adsorption apparatus (residual pressure < 10 -3 Pa). The spectra were recorded under ambient conditions after pyridine desorption at 150, 250 and 350 °C. Before pyridine adsorption, the samples were outgassed (10 -3 Pa) at 400 °C for 1 hour.
RESULTS AND DISCUSSION

Palladized Cobalt-Cerium-Zirconium Oxide Catalysts in Combined Reduction of N 2 O and NO with Carbon Monoxide
The effect of the composition of palladized cobalt-cerium-zirconium oxide catalysts, including structured Pd/[Co 3 O 4 + CeO 2 + (ZrO 2 )]/cordierite, on the combined reduction of N 2 O and NO with carbon monoxide is shown in Table 1 . Introduction of palladium (0.1 wt.%) significantly increases the activity of (Co, Ce, Zr) oxide compositions in the reduction of nitrogen (I), (II) oxides with carbon monoxide in the presence of oxygen. Consequently, temperatures of high conversion of nitrogen oxides (99% of NO and up to 85% of N 2 O) do not exceed 200-300 °C. High N 2 O and NO conversions at about 200 °C are attributed to the reaction of N 2 O and NO with carbon monoxide adsorbed on the catalyst surface (N 2 O + CO* → N 2 + CO 2 + *), (NO + CO* → N 2 + CO 2 + *) and not to a collision reaction between CO and adsorbed oxygen (CO + O* → CO 2 + *) because the dissociative adsorption of N 2 O with the formation of atomic oxygen (N 2 O + * → N 2 + O*) is more probable at approximately 400 °C. A similar result for conversions of N 2 O and NO with CO excess in the reaction mixture for a mixed Al-Pd-Co oxide catalyst was reported by Chang and Peng (2010) .
The difference in conversion temperatures of N 2 O and NO for their combined reduction with CO may be caused by the different pathways of catalytic activation of NO and N 2 O molecules. Nitric oxide, upon activation on Co 2+ , is oxidized by molecular oxygen to NO 2 . N 2 O upon decomposition competes with molecular oxygen for the cationic sites.
Comparison of the activities of the samples with and without palladium definitely indicates a positive effect of palladium on the activity of Co-Ce-Zr oxide catalysts. The almost-complete conversion of NO at 160 °C on the 0.1%Pd/2%Co 3 O 4 + 3.5%CeO 2 /ZrO 2 catalyst in the N 2 O + NO + CO + O 2 reaction mixture may result for the oxidation of NO to NO 2 on palladium at relatively The drop in N 2 O conversion on structured catalysts in comparison with granulated zirconiabased samples may be related to a decrease in the specific surface area, and thus, of the active surface of these samples (Table 1) . Rates of N 2 O and NO conversions on granulated palladized Co-Ce-Zr oxide catalysts and on structured supports in the reduction of these nitrogen oxides with carbon monoxide at 250 °C are shown in Table 1 . The specific rates of N 2 O and NO conversions on the structured cordierite-supported catalysts are an order of magnitude greater than on the granulated catalysts. The rate of NO reduction is higher than the rate of N 2 O reduction on both granulated and structured palladium-containing catalysts. The higher rates of NO conversion at 150-300 °C may be caused by incomplete reduction of NO to N 2 O (2NO + CO → N 2 O + CO 2 ) along with reduction to molecular nitrogen (NO + CO → 1/2N 2 + CO 2 ).
Ag/Al 2 O 3 /Cordierite Catalysts in Selective Reduction of NO with C 2 and C 4 Alcohols
Adsorption and desorption isotherms of nitrogen and small-angle XRD analysis have shown [ Figure 1 (a)] that the cordierite-supported alumina is a mesoporous material with specific surface area of 45 m 2 /g and average mesopores size of 3 nm. There are insignificant differences (±3%) in the surface area and the size of pores after silver doping. According to XRD, alumina is a mixture of γand η-Al 2 O 3 phases [2θ = 19.4° (111); 37.2° (311); 45.6° (400); 66.9° (440)]. The structural changes of alumina have not been revealed after silver doping and any silver phase is not detected on XRD patterns due to the low silver loading, which is consistent with the results of He and Yu (2005) .
Acidic properties of surface of silver-alumina catalysts with different Ag loading were studied by FTIR spectroscopy with pyridine adsorption [ Figure 1(b) ]. Observed FTIR bands at 1625, 1615, 1491, 1456 and 1450 cm -1 are assigned to pyridine interacting with Lewis acid sites (LASs) in line 598 S.M. Orlyk et al./Adsorption Science & Technology Vol. 33 No. 6-8 2015 with earlier data (Glazneva et al. 2008) . Absorption bands at 1456 and 1625 cm -1 are absent on FTIR spectra of pyridine adsorbed on Al 2 O 3 (Kyriienko et al. 2013) , and thus, these could be assigned to LAS formed by Ag + on the surface of alumina and/or charged silver (Ag δ+ ) on the surface of clusters and nanoparticles. The intensity of bands increases two times when silver loading on the catalysts is changed from 0.2 to 0.6 wt.% and only slightly enhanced with a further change to 1.0 wt.% of Ag. Larger clusters are formed on Al 2 O 3 surface at silver loading of 1.0 wt.% than at 0.6 wt.%, and therefore, the amount of LAS in the catalyst remains practically unchanged. We then investigated the activity of the Ag/Al 2 O 3 /cordierite catalysts in the SCR of NO x with ethanol and butanol. A special focus is directed toward understanding the effect of alumina and silver loading on the catalytic properties. As can be seen in the data presented in Table 2 , increasing of alumina loading from 18 to 45 wt.% in Ag/Al 2 O 3 /cordierite leads to a higher catalytic activity (higher maximum conversion of NO, lower temperature of its achievement and wider temperature range of NO high conversions) due to the increase in the total concentration of LASs-centres of reagents activation in the SCR process. At the same alumina content (45 wt.%), the most active catalysts in SCR of NO with ethanol contain 0.3-0.6 wt.% of Ag-almost 100% conversion of NO are achieved at temperatures of 260-280 °C and remain in a wide temperature range. In SCR of NO with butanol, the optimal silver loading is slightly higher-0.6-1.0 wt.% of Ag. Increase in the silver loading in the catalysts to 1.5 wt.% leads to a decrease in NO conversion ( Table 2) .
The higher activity of silver-alumina catalysts with 0.3-0.6 Ag wt.% in selective reduction of NO with C 2 and C 4 alcohols at oxygen excess can be attributed to the silver localization mainly in the state of Ag + cations and Ag n δ+ (n ≤ 8) clusters (Kyriienko et al. 2013) . During the catalytic reaction, oxygen chemisorption on silver clusters and nanoparticles leads to the formation of strong surface base (Voronova et al. 2003) , and thus, Lewis conjugate acid-base pair is present on the oxidized surface of silver. The possible scheme of alcohols activation on silver-containing acidic sites (Ag n δ+ ) can be as follows: donor-acceptor interaction of alcohol (as Lewis base) and silver [as Lewis acid; Figure 1(b) ]; formation of enolic or aldehyde species by partial oxidation of the alcohol by oxygen chemisorbed on silver clusters. At higher silver loading in the catalyst (above 1.0 wt.%), the amount of silver nanoparticles (Ag 0 ) is increased, on which deep oxidation of reductant by oxygen occurs almost without NO reduction. It can be concluded that silver species in the Ag/Al 2 O 3 /cordierite form both redox and acid-base active sites of reductant activation and provide bifunctional character of the catalyst.
Different dependence of Ag/Al 2 O 3 /cordierite catalysts activity on silver loading in the selective reduction of NO with ethanol and butanol may be explained by the process mechanism. According to He et al. (2008) , He and Yu (2005) and Yu et al. (2003) , in SCR of NO x with ethanol, the reaction between enolic and nitrate species leads to formation of organo-nitrogen intermediate complexes (R-NO x ) , with subsequent conversion into the key intermediate (-NCO species) . The decomposition of organo-nitrogen compounds formed of butanol molecule may lead to the formation of -NCO species together with hydrocarbon fragments, which have C-C bonds. Then these hydrocarbon fragments either may be oxidized to CO 2 and H 2 O or form oxygenates, which are reactive in the NO reduction. Thus, the greater the number of carbon atoms in the alcohol molecule, the higher the amount of oxygen chemisorbed on the surface of silver nanoclusters is required for the formation of oxygenates.
CONCLUSIONS
The 
